Abstract ATP-mediated signaling has widespread actions in the nervous system from neurotransmission to regulation of proliferation. In addition, ATP is released during injury and associated to immune and inflammatory responses. Still, the potential of therapeutic intervention of purinergic signaling during pathological states is only now beginning to be explored because of the large number of purinergic receptors subtypes involved, the complex and often overlapping pharmacology and because ATP has effects on every major cell type present in the CNS. In this review, we will focus on a subclass of purinergic-ligand-gated ion channels, the P2X7 receptor, its pattern of expression and its function in the spinal cord where it is abundantly expressed. We will discuss the mechanisms for P2X7R actions and the potential that manipulating the P2X7R signaling pathway may have for therapeutic intervention in pathological events, specifically in the spinal cord.
ATP as extracellular signaling pathway in the CNS
Apart from its role as the main molecule that provides cellular fuel, ATP and other nucleotides function as intercellular signaling molecules when released to the extracellular space. Although considerable gaps exist in our understanding of the pathways of intercellular purinergic signaling, it is clear that purinergic signaling represents the primary non-synaptic signaling mechanism in the normal and diseased CNS.
Purinergic receptors fall into two different categories: P2X receptors-ligand-gated ion channels that allow nonspecific passage of cations (Na + , Ca 2+ , K + )-and P2Y receptors-G-protein-coupled receptors that mediate intracellular calcium increases upon ATP binding [1] . So far, seven P2X receptors and eight P2Y receptors (as opposed to P1 receptors, which bind the nucleoside adenosine) have been described on the basis of their molecular structure and pharmacological profile (Table 1) .
ATP signaling in brain affects not only neurons, but every other major cell types present in brain: astrocytes, microglia, oligodendrocytes, endothelial cells, and pericytes [2] . ATP-mediated signaling is widespread in the nervous system, mediating fast excitatory neurotransmission both in peripheral and central neurons (for review see [3] ). ATP has also been considered to be a neuromodulatory substance because it is co-released with other neurotransmitters such as noradrenaline and GABA [4, 5] . In addition, ATP is the predominant (if not the sole) extracellular messenger that mediates calcium waves in astrocytic glial cells [6, 7] , which are themselves involved in modulating neuronal activity [8] [9] [10] . ATP not only acts as a neurotransmitter, but it also stimulates cell proliferation and differentiation [11, 12] . Furthermore, while ATP-mediated activation of P2X receptors is linked to opening of a cation channel, and thereby either directly or indirectly to the increase of synaptic transmission, its related metabolite adenosine is a potent inhibitor of excitatory transmission via A1 receptor activation.
Importantly, ATP is ubiquitously present in the extracellular space after injury [13, 14] . It is therefore of considerable interest to decipher the specific actions of ATP in pathological states and to explore the possibility that manipulating ATP-mediated signaling might help to diminish neuronal damage during disease.
The P2X7 receptor
The P2x7R is significant because it is activated by high concentrations of ATP (>100 μM) and because prolonged exposure to ATP is believed to form a much larger pore than any other P2X channel [15] . Thus, upon agonist application that lasts for several seconds, the P2x7 receptor becomes permeable to larger ions, like the large cation Nmethy-D-glucamine (NMDG). The idea that ATP could induce the formation of a pore that allows the passage of large molecules came initially from studies in mast cells and macrophages [16] and Surprenant et al. [17] later defined the P2x7 receptor as the molecular basis for the formation of a non-selective pore that could lead to cell death upon repeated agonist applications. Thus, P2X7Rs have been traditionally associated with cells from the immune system mediating cytotoxic cell death (because of changes in transmembrane ion fluxes, swelling and vacuolation), and inflammatory responses (because of release of large molecules, including pro-inflammatory mediators like IL-1 and tumor necrosis factor) [18] .
P2x7R pore formation has, in general, been linked to cytolytic cell death, the uptake of calcium and fluorescent dyes and the release of inflammatory molecules. Upon ATP application, measure of the pore formation comes usually by monitoring the uptake of ethidium and YoPro1 dyes, which become fluorescent upon nucleic acids binding [19] or the release of IL-1β [20] . Importantly, the formation of a releasing-pore does not necessarily imply the existence of a cytolytic pore. This is the case of the astrocytic P2X7R that can release excitatory neurotransmitters upon BzATP activation but does not exhibit any of the signs of necrotic and/or apoptotic cell death [21] .
Despite the extensive amount of data in favor of pore formation, the relationship between the P2x7R pore and the capability to uptake and release different molecules is not as straightforward as one might think. Thus, a critical question that remains in the field is how different the channel is compared to the pore. Although originally believed that pore formation was the result of true, progressive dilation of the channel [15] , there is now the hypothesis that subsequent recruitment of proteins through interactions with the C-t domain are required. Support for the involvement of downstream signaling pathways in addition to channel opening comes from the fact that some P2X7R-expressing cells fail to exhibit any other quality of pore formation [22] , that there are reagents that affect BzATP induced pore formation without altering P2X7- 
P2x7 receptor expression and function in the spinal cord
Given how dissimilar the P2X7R seems to be from the rest of the other P2X receptor subtypes, we will next review our current knowledge of P2X7 receptors expression and function in the spinal cord, and the potential for therapeutic intervention based on selective administration of P2X7R antagonists. For a more detailed analysis of P2X7R in the rest of the central nervous system, please refer to [30] .
P2X7R has been reported widely in several regions of the nervous system with post-and presynaptic actions affecting synaptic currents or neurotransmitter release, respectively ( Table 2 for review, see [3, 15, [33, 36, 37] . A strong immunoreactivity is also detected in motoneurons and terminals of the ventral spinal cord as opposed to cortical neurons that exhibit a much weaker signal [14] . Electrophysiological recordings from these neurons indicate the possible presence of post-synaptic terminals although additional studies combining pre-and post-synaptic markers are needed to clearly establish the exact location of the P2X7R in the ventral spinal cord.
The real identity of this anti-P2X7R reaction is still puzzling, given the controversial specificity of some of the antibodies used to recognize the P2X7R protein, although attempts have been made to confirm the identity of this P2X7R-like protein, like retrograde labeling or pharmacological and electrophysiological responses to agonists [14, 33] . Despite the fact that the antibodies available to date are able to recognize a Western band and protein corresponding to the P2X7 receptor in the submandibular gland, they are also capable of recognizing a P2X7R-like protein in neurons and astrocytes of the nervous system that is not eliminated in the P2X7−/− mice [38, 39] . Still, it is very possible that this protein corresponds to a differentially spliced protein or to a protein highly related to the p2x7R originally described in macrophages. This conclusion is supported by the pharmacological profile obtained in vivo, the ability to obtain permeability to large molecules upon activation and the blockage by the commonly used antagonists of the P2X7R [14, 33] .
In an attempt to further clarify the issue, Yu et al.
[40] have recently performed in situ hybridization using S 35 -labeled probes combined with immunohistochemistry with markers that differentiate between neuronal and glial populations. In this case, widespread labeling was detected in neuronal populations including cortex, hippocampus, and spinal cord, in ependymal cells and in glial cells of the adult rat nervous system.
In the spinal cord, physiological ATP actions affect fast synaptic currents [5] , glycine release at dorsal horn interneural synapses [41] , release of GABA and glutamate [42, 43] and glutamate-mediated excitation in dorsal horn cells [44-46] among others. P2X2, P2X2/3, P2X3, and other heteromeric receptors of not clear composition but involving, at least, P2X2, P2X4, and P2X6, have been described mostly associated to sensory pathways [43, 47] . In contrast, P2X7R has been unequivocally identified in relation to motoneurons pathways in the ventral spinal cord [14, 33, 40] .
P2x7R in glial cells
In addition to neurons, P2X7R mRNA can also be detected in astrocytes [21] and microglial cells [32] . However, it is believed that the contribution of P2X7 receptors to astrocytic physiology is negligible since astrocytic P2X7R protein levels have been more elusive to establish. On one hand, two groups have described P2X immunolabeling in hippocampal astrocytes using antibodies against the p2x7R subunits [48, 49]. Pharmacological studies suggested that p2x7R could indeed be the receptor responsible for the ATP responses observed. Two studies [21, 50] later found pharmacological profiles of an astrocytic protein that exhibited Lucifer Yellow or ethidium bromide permeability in response to BzATP or high ATP activation, respectively, consistent with presence of P2X7Rs. P2x7R has also been implicated in the regulation of calcium signaling by protein kinase C in an astrocytic cell line [51] . In contrast, an evaluation of the anti-P2X7R immunoreactivity observed in hippocampal sections of the P2x7R−/− mice has shown a subcellular localization incompatible with a plasmalemmal receptor in addition to absence of signal in astrocytes [52] . This same study also found that the responses obtained after addition of BzATP were indeed the result of the catabolic action of ectonucleotidases that degraded BzATP into BzAdenosine, triggering then actions trough the A1 receptors. Jabs et al. [53] have also failed to detect P2X7R currents in hippocampal astrocytic cultures.
It is not known whether these observations can be extended to astrocytes from another area. Similarly, not enough evidence exist to support the clear differences between astrocytes from brain vs. spinal cord since most of the reports on P2X7R in astrocytes come from culture preparations that could alter the expression profile. Still, there is inclination to believe that P2X7Rs are not predominant in astrocytes in general, which seem to rely more in P2Y and other P2X receptors to mediate purinergic signaling. Actually, a recent report examining the expression of P2X7R mRNA in the nervous system failed also to detect astrocytic signal for this receptor, as opposed to all the other major glial cell types [40] .
However, despite low levels of P2X7R being confirmed also in human fetal brain astrocytic cultures, Narcisse et al. [57] has recently found that, contrary to previous ideas, P2X7 receptors could be responsible for intercellular calcium wave amplification when cells are exposed to solutions with low concentrations of divalent cations although the absence of P2X7R did not prevent the occurrence of astrocytic calcium waves. P2x7R activation and calcium signaling has also been described in optic nerve glia [58] and among bone cells [59] . These studies support the hypothesis that P2X7R could, indeed, directly mediate ATP release during episodes of astrocytic calcium signaling. In addition, Verderio and Matteoli [60] have shown that astrocytes can also transmit ATP-mediated calcium signals to co-cultured microglial cells via the p2x7R and that these effects were exacerbated by addition of interferon-γ, an inflammatory cytokine also released during injury.
In contrast to the conflicting reports on astrocytic expression, P2X7R can be unequivocally detected in microglia of cortex and spinal cord both at the mRNA and protein level [40, [61] [62] [63] consistent with the abundance of this receptor in lymphocytes, monocytes, macrophages, and cells involved in immune responses. The functional implications of microglial P2x7R are enormous and will be discussed later in detail.
Optic nerve oligodendrocytes and DRG Schwann cells have also been described to express P2x7R, based on current and calcium responses upon BzATP application, YO-PRO-1, or LY uptake in the presence of 1 mM ATP and in situ RNA labeling that colocalizes with the oligodendrocytic marker OX-42 [40, 58, 64] although no particular function for P2x7R has yet been recognized in this cell type.
Pathological role of P2x7R in spinal cord
Purinergic signaling is often associated with pain and inflammatory responses. For instance, ATP is the major mediator of pain signaling in the spinal cord [19] and promotes the release of interleukin 1 and other proinflammatory cytokines during injury [20, 65] .
Microglial P2x7R in neuropathic pain P2X2, P2X4, P2X6, P2X7, and P2X12 have been prominently described in microglia. Since ATP responses in microglia come mostly associated to injury, these receptors, specifically P2X4 and P2X7, have been linked to responses associated to spinal cord damage and inflammation being primary mediators of pain sensation. Thus, microglial P2X4R is responsible for the phenomenon of tactile allodynia, hypersensitivity to a non-painful stimulus after nerve damage [19] . P2X4R expression increases in microglia but not in neurons or astrocytes after spinal nerve injury. Knock-down studies revealed suppression of tactile allodynia after the injury [66] . A role for P2X7R in the development of neuropathic pain has come from studies where alteration in the P2X7 receptor pathway also shows reduction of neuropathic pain [65] . This receptor is also overexpressed in patients with chronic pain and disruption of the receptor leads to impairment in the production of IL-1β, IL-10, and IL-6, evidencing its strong involvement in inflammatory responses [67, 65] . Importantly, systemic administration of P2X7R antagonists produced a dose-dependent reduction of neuropathic pain [68, 69] . The exact mechanism by which ATP can produce neuropathic pain hypersensitivity might involve activation of the p38/ERK/2 MAPK pathway [70, 66] .
However, the uniqueness of the P2X7R as compared to other P2 receptors, with its ability to mediate formation of a large pore that allows directly or indirectly the passage of inflammatory molecules, the high ATP concentration required for its activation and its susceptibility to low calcium conditions, mostly attained under pathological conditions, has additionally pointed to this receptor as a major contributor during other diseased states. Consistent with this hypothesis an increase in P2X7R immunoreactivity has been observed in activated microglia of two transgenic models of Alzheimer's disease [71, 72] in microglia/ macrophages of spinal cord undergoing multiple or amyotrophic lateral sclerosis [73] , in ischemic cortical tissue [74] , and in a model of kainite-induced seizures [62] suggesting that microglial P2X7R, together with P2X4R, might be a general mediator of stress during pathological states. Besides uptake and release of inflammatory molecules, other pathways might contribute to microglial effects on neuronal excitability and disease outcome. For example, Morioka et al. [75] have recently shown that p2x7 stimulation in spinal microglia produces downregulation of glutamate transport. Bianco et al. [76] have also reported the involvement of the P2X7R in modulation of the proliferation capability of microglia adding complexity to the mechanisms by which P2X7R can be involved in the microglial response to injury.
Neuronal P2X7R in spinal cord injury
Wang et al. [14] have analyzed the direct contribution of the P2X7 receptors in the amplification of cell damage in a model of spinal cord injury. Using a bioluminescence technique in the intact, live animal, they found that the peritraumatic area after acute spinal cord injury exhibit unusually high levels of ATP release, which is accompanied by the subsequent cell death of spinal neurons highly immunoreactive for P2X7 receptors. The same study showed that application of the P2X7R antagonist OxATP diminished spinal cord damage. Further studies in this model are needed to establish the source of ATP release during the injury period, but this work highlights the importance of the P2X7 receptor and purinergic signaling as a potential target for therapeutic intervention in a number of traumatic and neurodegenerative disorders. Melani et al. [77] have also evaluated the effect of the P2 unselective antagonist Reactive Blue 2 in ischemia and found a reduction in the extent of ischemic brain damage. It is noteworthy to mention that Reactive Blue 2 promoted even more the expression of P2X7R in activated microglia.
Caution, however, must be exerted when applying purinergic antagonists for the treatment of diseased CNS conditions. oATP, an antagonist considered specific of P2X7Rs, affects pro-inflammatory responses independently from the activation of P2X7 receptors because HUVEC, HEK293 and 1321N1 cells all secrete less IL-8 without expressing P2X7Rs [78] . P2X7R knock-out studies in autoimmune encephalomyelitis (EAE), an animal model of multiple sclerosis, have also shown a significant reduction in the protein levels of IL-1 and IL-6 with a concomitant decrease in lymphocytic apoptosis which, in turn, exacerbates the susceptibility to the disorder [79] . Similarly, a change in the pro-inflammatory profile by selective ablation of proliferating microglial cells exacerbates cell death and injury in the ischemic brain [80] . Thus, whereas interleukins levels are associated to inflammation, they are also important mediators in neuroprotection of the damaged tissues. Consistent with this idea is the fact that animals with P2X7R deletion show lack of protection against ischemic injury [81] , although administration of exogeneous microglia and subsequent neuroprotection to global brain ischemia has also been reported [82] .
In summary, ATP is released during injury and purinergic signalling can affect every major cell type in the diseased brain. ATP released from damaged neurons could stimulate ATP-dependent astrocytic calcium waves that, in turn, could affect neuronal, microglial and endothelial responses. Furthermore, ATP released from damaged neurons functions as chemotactile cue for microglia, which in turn can initiate inflammatory responses and phagocytosis [83] . Very promising therapeutic results have recently been obtained with compounds like the P2X7R antagonist oATP, which reduces neuronal cell death and improves functional recovery in a rat model of spinal cord injury [14] , and the P2X4R modulator ivermectin, which promotes motoneuron survival in a model for amyotrophic lateral sclerosis [84] .
Future directions
As the number of studies trying to elucidate the function of purinergic signaling increases, it has become more and more clear that this signaling mechanism is very complex. One reason why it has been difficult to fully understand the specific function of different ATP receptors relates to the pharmacological profile that has been described for them. The available drugs do not allow complete elucidation of the role of each receptor due to their actions on several P2 receptor subtypes. For example, BzATP is considered the most specific agonist for the P2X7 receptors, but it has more potent actions on other P2X receptors [85] .
In addition, the available receptor antagonists are weak, may have different sensitivities depending on the species [85] , or may have other pharmacological actions, like suramin, which can antagonize G-proteins [86] . In many cases, there are no specific antibodies that would enable us to establish the expression pattern of each receptor. For example, anti-P2X7R antibodies produce an immunoreactive signal that cannot be eliminated in mice deficient for this receptor [39] .
Last, some of the receptors can form homo-or heteromultimers depending on the in vitro conditions used to study their pharmacology profile. This effect seems to vary in vivo and is cell-specific [87] The presence of different subunit composition involved in channel formation can, again, alter the pharmacology of the receptors and preclude us from knowing the true subtype involved in each cell type.
Yet another level of complexity in purinergic signaling comes from the fact that extracellular ATP has a short halflife once it is released. There are abundant ectonucleotidases in the cell surface that break down ATP into ADP, AMP, and adenosine, each of which can then act on different receptor subtypes. It is possible that ATP degradation products are responsible for some of the effects of ATP on synaptic plasticity and neuroprotection [88] . Studies on the pharmacological profile of P2 receptors may also be affected by the action of ectonucleotidases, as rapid degradation of the agonists can diminish their potency and result in a pharmacological profile that depends on agonist stability rather than the true binding affinity for the receptor [85] . In addition, the expression pattern of ectonucleotidases overlaps in vivo and it has not been easy to assign specific roles of these enzymes to each purinergic pathway [89] .
Despite all these shortcomings and the debatable evidence about the specific localization of p2x7R in neurons and astrocytes of the spinal cord, it is clear that there exist ATP responses in the spinal cord mediated by P2X7-like receptors. The existence of oATP and other pharmacological compounds that can block these responses and thus diminish spinal cord damage have profound implications in the field of spinal cord regeneration. Whether these compounds are specific of a p2x7 receptor per se or mediate their effects through a combination of mechanisms or through a highly related protein species should not diminish the importance of these findings. Rather, we should be encouraged by these results to further clarify the nature of the effects and refine the plethora of reagents that could be used for reducing spinal cord damage.
In addition, more studies to try to establish the true nature of purinergic signaling in the spinal cord and, by extension, the rest of the nervous system are guaranteed. Efforts should be directed into obtaining more specific antibodies for each receptor species, into improving the specificity of ATP receptors agonists and antagonists to unequivocally differentiate between receptors, into dissecting each of the cell types involved for each specific effect via cell-type-specific knock-outs taking into account the interplay between ATP and the related nucleotides, the role of nucleotidases and the striking presence of adenosine and adenosine receptors in spinal cord injury. Deciphering the exact molecular entities that result in a functional larger pore upon P2X7R activation, the existence of more downstream effectors and what the pore exactly does is also crucial in order to design meaningful therapeutic strategies to diminish receptor function during pathological states. 
